. Importance of the isovalerate carboxylation pathway of leucine biosynthesis in the rumen. Appl. Microbiol. 14:807-814. 1966.-Certain anaerobic ruminal bacteria synthesize the leucine carbon skeleton by use of a pathway different from that described in other microorganisms. These organisms carboxylate the intact carbon skeleton of isovalerate, synthesizing leucine-2-C04 from isovalerate-J-C14. Strains of Bacteroides ruminicola and Peptostreptococcus elsdenii were like Ruminococcus flavefaciens in that they incorporated appreciable amounts of C14 from isovalerate-J-C'4 into cellular protein and in that the only labeled amino acid found was leucine. The specific activity of ,B-isopropylmalate dehydrogenase in extracts from R. flavefaciens and from the mixed bacterial population from the rumen was very low as compared with the specific activity of this enzyme in extracts from Escherichia coli. This suggests that the pathway of leucine biosynthesis that operates in many aerobic and facultative microorganisms is not the major pathway in rumen bacteria. This was supported by the finding that after fermentation of whole rumen contents with acetate-2-C'4, leucine from the bacterial cells had a specific activity lower than one would expect if acetate was incorporated directly into carbons 1 and 2 of leucine.
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A number of microorganisms utilize a common pathway for biosynthesis of the leucine carbon skeleton. Ehrensvard et al. (17) showed that in yeast the carboxyl carbon of leucine was derived from the carboxyl carbon of acetate. Later, Abelson and co-workers (1, 2, 34) and Strassman et al. (37) presented evidence that indicated that a-ketoisovalerate condensed with a 2-carbon fragment coming from acetate, and that this product, a-isopropylmalate, was subsequently rearranged and decarboxylated to yield a-ketoisocaproate, which by transamination could be converted to leucine. The operation of this pathway has since been demonstrated in a number of aerobic and facultative microorganisms (28) . In Ruminococcus flavefaciens, an anaerobic cellulosedigesting bacterium from the rumen, another pathway for biosynthesis of leucine operates. In this organism, and in whole rumen contents incubated in vitro, isovalerate is carboxylated by some unknown mechanism to yield the carbon skeleton of leucine (4, 5) .
The present investigation was conducted in an attempt to assess the relative importance of these biosynthetic pathways in the rumen.
MATERIALS AND METHODS
The pure cultures of rumen bacteria studied were isolated and described by Bryant and Robinson (13) . All organisms were grown by use of a modification of the anaerobic culture technique described by Hungate (25) .
Assay for ,1-isopropylmalate dehydrogenase. Cells of Ruminococcusflavefaciens, strain C94, were grown on a medium similar to the RGCA medium of Bryant and Burkey (11) , except that glucose and agar were deleted. To maintain anaerobiosis, the medium was bubbled slowly with O2-free CO2 while it was cooled in ice water immediately after it was removed from the autoclave. Cysteine-HCI and Na2CO3 solutions were added to the cooled medium and Na2S-9H2O (0.5 mg/ml, sterilized under N2) was added just prior to inoculation. Cells from 2 liters of medium were harvested by centrifugation after growth for 17 hr to optical density (OD) 0.39 (600 m, in 18-mm cuvettes) and were washed once with anaerobic dilution solution (11) .
Escherichia coli strain B was grown in medium C of Roberts et al. (34) . Cells were harvested by centrifugation after growth from OD 0.02 to 0.63 in 5.5 hr. Cells were washed once with 0.85%0 NaCl.
Ruminal contents were obtained from a heifer 2 hr after it had been fed an alfalfa-hay ration. (29) and Zacharius and Talley (44) . Basic amino acids were separated by use of a method similar to that described by Theurer (38) .
Amino acids in protein hydrolysates were also separated by paper chromatography with development in two dimensions by use of the method described by Wolfe (43) . Systems used for paper chromatographic separation in one dimension included the butanol-acetic acid system described by Smith (35) and the benzyl alcohol-butanol system at pH 8.4 described by McFarren (27) . The latter system permitted separation of leucine from isoleucine.
Leucine biosynithesis from isovalerate by pure cultures. Incorporation of isovalerate-1-C14 by pure cultures of rumen bacteria was studied by use of methods similar to those used previously (4). The medium used to grow the pure cultures was the synthetic medium of Bryant and Robinson (12) with the following modifications. Glucose was added at the same concentration as cellobiose, whereas the casein hydrolysate was deleted. Methionine (3 X 10-1 M) and hemin (0.002 mg/ml) were added to media used to grow Bacteroides ruminicola. An amino acid mixture (serine, alanine, aspartic acid, arginine-HCl, histidine * HCl * H20, lysine-HCl, glycine, proline, threonine, and methionine, all at 0.1 mg/ml; glutamic acid, 0.2 mg/ml; and tyrosine, 0.017 mg/ml) was added to media used to culture Peptostreptococcus elsdenii. The culture volume was 10 ml, and each tube contained approximately 5 ,uc of isovalerate-J-C'4 (Calbiochem). The specific activity of the isovalerate-l-C'4 was calculated to be 0.6 /Ac/,Amole, except for cultures of P. elsdenii and B. ruminicola strain 23, in which the specific activity was 5.8 Acl /Amole. Radioactivity was measured by use of a liquid scintillation spectrometer with the xylene, dioxane, Cellosolve (XDC) scintillation medium described by Bruno and Christian (9) . Counting efficiency was determined by adding internal standard (toluene-C14). Radioactive areas on paper chromatograms were located by use of a windowless gas-flow Geiger-Muller paper-strip scanning system and by preparing radioautographs.
RESULTS
Assay for f-isopropylmalic acid dehydrogenase. A comparison of the specific activities of ,B-isopropylmalic acid dehydrogenase in cell-free extracts of E. coli, R. flavefaciens, and mixed rumen bacteria is given in Table 1 . The concentration of the enzyme in the extract from E. coli was much greater than the concentration in either the extract from mixed rumen bacteria or R. flavefaciens. The presence of the dehydrogenase in R. flavefaciens is questionable, because, even in undiluted cell extracts, differences between controls and test samples were difficult to measure. Failure to demonstrate higher levels of the dehydrogenase in extracts of rumen bacteria was not due to presence of an inhibitor, since these extracts did not inhibit formation of the keto acid when added to an E. coli extract. The activity of extracts prepared by sonic treatment for 20 or 40 min was similar.
A measurement was made of glutamic-pyruvic transaminase activity in the extracts of E. coli and mixed rumen bacteria. The ratio of specific activities of the transaminase in these extracts was 5.2 (E. coli) :1 (mixed rumen bacteria). This is in contrast to a ratio of 30:1 for the specific activity of the ,B-isopropylmalate dehydrogenase.
Incorporation of acetate-2-C'4 into amino acids. The distribution of C14 after incubation of whole rumen contents 1 hr in vitro with acetate-2-C'4 is given in Table 2 . The amount of C14 remaining with the washed plant fibers was not determined. Most of the radioactivity in free, low molecular weight organic acids was still present as acetate; however, some condensation of acetate to produce butyrate appears to have occurred (Table 3 ). The particulate fraction that was precipitated by centrifugation at 30 X g for 5 min was not fractionated, but the bacterial fraction (that precipitated at 18,000 X g for 15 min) was fractionated ( Table 2 ). The lipid and nonlipid materials in the ethyl alcohol-ether extract were separated by the method of Folch et al. (19) , and 78% of the C14 in the extract was in the washed lipid portion.
When a hydrolysate of the hot trichloroacetic acid-precipitated "protein" fraction was placed on a Dowex 50 H+ column (34), 98% of the radioactivity recovered was in the fraction eluted with NH40H. The specific activities of amino acids in the protein were determined after a similar in vitro fermentation for 90 min. Measurements of the distribution of radioactivity were similar after separation of amino acids by either paper or column chromatography. Figures 1 cultures. The extent of incorporation of isovalerate-J-C'4 and the distribution of C14 in cellular fractions of B. ruminicola and P. elsdenii are given in Table 5 . Amino acids in protein hydrolysates were separated by paper chromatography (27, 35) , and, with both methods, the radioactivity migrated with leucine. Several other strains of rumen bacteria that were cultured in media containing isovalerate-J-C"4 did not incorporate appreciable amounts of the radioactivity. These were Eubacterium ruminantium B4, Selenomonas ruminantium GA192, Lachnospira multiparus D32, and (16) . The latter possibility does not appear to be the logical explanation, however, in view of results which indicate that the specific activity of bacterial leucine was not particularly high after incubation of the mixed population in the presence of acetate-2-C'4. Earlier studies demonstrated that R.flavefaciens synthesized leucine, with use of isovalerate, even when an adequate quantity of exogenous leucine was in the growth medium. Furthermore, exogenous leucine or other amino acids contributed to only a small amount of the amino acids in bacterial protein (5) . Thus, it does not seem probable that the deficiency of,3-isopropylmalate dehydrogenase in R. flavefaciens was due to repression of synthesis of the enzyme by the relatively small amount of exogenous leucine which might have been present in the rumen fluid of the growth medium.
Nutritional studies have shown that acetate is important for growth of many species of rumen bacteria (5, 10, 13, 21). Since ruminal microorganisms are accustomed to growth in an environment containing a relatively high concentration of acetate, it is not surprising that exogenous acetate carbon is used for synthesis of cellular material. Previous work has shown that acetate carbon was used by rumen bacteria in amino acid biosynthesis (5, 23) , but the extent of incorporation into various individual amino acids was not given.
In E. coli, Neurospora crassa, and Torulopsis utilis cells grown with glucose as a main source of carbon, acetate carbon is incorporated mainly into lipids, leucine, and amino acids derived from Krebs cycle intermediates, the "aspartic acid family" (aspartic acid, lysine, diaminopimelic acid, threonine, methionine, and isoleucine) and the "glutamic acid family" [glutamic acid, proline, and arginine (34) ]. Major differences between the above pattern and the distribution of C'4 (Table 4) are the extensive incorporation of methyl-carbon of acetate into alanine by the rumen anaerobes, and the finding that leucine was only moderately labeled.
The amount of diaminopimelic acid in the protein hydrolysate from rumen bacteria was relatively small, so that quantitation was difficult. Thus, the high specific activity of diaminopimelic acid given in Table 4 represents a less accurate measurement than that obtained with other amino acids. From the data in Fig. 1 and 2 it can be seen that the methyl carbon of acetate was not used, or was only slightly used, in synthesis of glycine, cystine, tyrosine, phenylalanine, histidine, and arginine.
The specific activity of the leucine synthesized during incubation of ruminal ingesta with acetate-2-C14 was about the same as the specific activity of valine. This suggests that carbon from acetate was incorporated into carbons other than carbons 1 and 2 of leucine. R. flavefaciens did not incorporate C14 from acetate-2-C'4 into either leucine or valine (4) . In several aerobic microorganisms which incorporate acetate as a unit into carbons 1 and 2 of leucine, little C'4 from acetate was found in valine, whereas leucine had a relatively high specific activity (34) . Certain nonruminal anaerobic bacteria also differ from R. flavefaciens and mixed rumen bacteria with regard to incorporation of carbon from acetate into leucine. Chlorobium thiosulfatophilum grown in acetate-2-Cl4 (20) and Clostridium kluyverii grown in acetate-i-C'4 (39) incorporated more C'4 into leucine than into any other amino acid.
Extensive fixation of CO2 into amino acids in rumen microorganisms has been demonstrated by several workers (22, 24, 30) . R. flavefaciens fixed C02, but not formate, into the carboxyl carbon of leucine (4), but the mechanism of the carboxylation was not determined. The synthesis may be analogous to the reductive, acyl-coenzyme A, and ferredoxin-dependent pyruvate synthesis system that has recently been demonstrated in Clostridium pasteurianum (7), C. kluyverii (36) , and in certain photosynthetic anaerobic bacteria (7, 18) . The high specific activity of alanine ( Our studies indicate that the carboxylation of isovalerate to produce leucine is an important reaction in the rumen, but the relative importance of this pathway and other pathways is not known. Ruminal organisms which do not utilize exogenous isovalerate carbon for leucine synthesis include strains of B. succinogenes and a Borrelia sp. (40, 41) , R. albus (6) , and the strains of E. ruminantium, S. ruminantium, L. multiparus, and B. fibrisolvens included in this study. Those which utilize isovalerate for synthesis of leucine include strains of R. flavefaciens, B. ruminicola, and P. elsdenii. Other important ruminal bacteria have not been tested; however, even if such information were known, it would be impossible to estimate the quantitative importance of this pathway in the rumen from pure culture studies. The limitations of measurements of enzymatic specific activity as an index of the relative importance of metabolic pathways in studies with the mixed ruminal population have been discussed (31) . Measurement of the kinetics of isovalerate incorporation into leucine by use of radiotracers is hampered by difficulties in measurement of isovalerate concentration in the presence of 2-methylbutyrate. Development of satisfactory gas chromatographic methods for separation of these isomers will aid future studies.
